GDH2 from a number of plant sources has been investigated (2, 3, 6, 15, 18, 20, 27) . The enzyme appears to have a sulfhydryl (3) and metal (27) requirement, has a number of isoenzymes (25, 28), and has been found entirely (5) or partially in the mitochondrial fraction (2, 15, 18, 20, 22, 28) . This is a report on the localization, characterization, and isoenzymes of GDH from pumpkin cotyledons during germination. Enzyme Isolation. GDH was isolated at 2 C from 100 cotyledons ground in a mortar with 20 ml of 0.25 M sucrose in 50 mM tris-HCl buffer, pH 7.5. The slurry was passed through four layers of cheesecloth and centrifuged at 1,000g to remove debris. Additional grinding and extraction of the debris did not yield additional enzyme activity. Centrifugation of the debris-free solution at 10,000g for 15 min yielded the particulate fraction. The pale yellow supernatant fraction contained the soluble enzyme. The particulate enzyme was solubilized by osmotic shock in 10 mm phosphate, pH 7.5 (27). Attempts to detect residual enzyme activity in the organelle debris were unsuccessful. The particulate and soluble enzymes were then purified in a separate but similar manner. The extracts were heated 5 min at 60 C (1), and the precipitate was discarded. The enzymes were precipitated from the supernatant solutions with 40 to 60% saturated ammonium sulfate and then dissolved in 10 mm sodium phosphate buffer, pH 7.0. The solutions were dialyzed against this buffer for 16 hr at 4 C. This gave a 6-fold purification of the soluble enzyme and a 40-fold purification of the particulate enzyme. Before purification, particulate GDH was entirely inactivated in 6 days at 0 C while soluble GDH had lost only 10% of its activity. After the above purification, both enzymes retained their activity for at least 10 days at 0 C. Protein was determined by the Lowry method.
Enzyme Isolation. GDH was isolated at 2 C from 100 cotyledons ground in a mortar with 20 ml of 0.25 M sucrose in 50 mM tris-HCl buffer, pH 7.5. The slurry was passed through four layers of cheesecloth and centrifuged at 1,000g to remove debris. Additional grinding and extraction of the debris did not yield additional enzyme activity. Centrifugation of the debris-free solution at 10,000g for 15 min yielded the particulate fraction. The pale yellow supernatant fraction contained the soluble enzyme. The particulate enzyme was solubilized by osmotic shock in 10 mm phosphate, pH 7.5 (27) . Attempts to detect residual enzyme activity in the organelle debris were unsuccessful. The particulate and soluble enzymes were then purified in a separate but similar manner. The extracts were heated 5 min at 60 C (1), and the precipitate was discarded. The enzymes were precipitated from the supernatant solutions with 40 to 60% saturated ammonium sulfate and then dissolved in 10 mm sodium phosphate buffer, pH 7.0. The solutions were dialyzed against this buffer for 16 hr at 4 C. This gave a 6-fold purification of the soluble enzyme and a 40-fold purification of the particulate enzyme. Before purification, particulate GDH was entirely inactivated in 6 days at 0 C while soluble GDH had lost only 10% of its activity. After the above purification, both enzymes retained their activity for at least 10 days at 0 C. Protein was determined by the Lowry method.
Enzyme Assay. The 3-ml reductive amination assay contained in ,umoles: ammonium chloride, 300; a-ketoglutarate, 30; NADH or NADPH, 0.25; tris-HCl, pH 8.0, 130. The oxidative amination assay contained in ,umoles: glutamate, 100; NAD or NADP, 3; tris-HCl, pH 8.0, 130. One unit of enzyme activity is defined as that amount which will cause a decrease in absorbance of 0.01 unit per min at 340 nm. Generally, 3 units of enzyme activity (60 ,tg of protein) were used, and this gave a reaction rate which was linear for 25 min. The initial reaction velocities were directly proportional to the enzyme concentration over a 10-fold range. The enzyme activity was corrected for NADH oxidase activity which never exceeded 10% of the total activity.
The interference of phosphatase with GDH activity toward NADP was considered. Phosphatase activity toward p-nitrophenyl phosphate was assayed by measuring, at 410 nm, the amount of p-nitrophenol liberated (11) . Phosphatase activity toward NADP was assayed by coupling the assay with alcohol dehydrogenase and ethanol (14) , and the NADH produced was measured at 340 nm. Phosphatase activity never exceeded 10% of the soluble or 2.4% of the particulate GDH activity toward NADP.
NAD isocitrate dehydrogenase activity was used to estimate the integrity of the organelles in the particulate fraction. This enzyme is a particulate enzyme in castor bean (5) 8.3 . Bromophenol blue (10 ng/ml) was used as the indicator front. GDH isoenzymes were detected visually on the gels by tetrazolium staining (25) .
RESULTS
GDH activity increased during germination ( Fig. 1 ) with a peak of activity in the soluble fraction at 2 days of germination. The soluble activity then declined to its initial level. Soluble GDH activity was always higher than the particulate activity and over 99% of the total GDH activity was found in the soluble fraction immediately after imbibition. At 6 to 8 days, the maximum particulate GDH activity occurred, and about 40% of the total GDH activity occurred in the particulate fraction. At 18 days only 23% of the total activity was found in the particulate fraction. The change in particulate GDH activity correlates with the change in particulate protein ( Fig. 1 ). To determine if lightly bound GDH was removed from the particulate fraction during extraction, this fraction was washed repeatedly with tris-HCl buffer (Table I) . Each wash removed about 10% of the GDH activity from the particulate fraction but did not remove NAD-specific isocitrate dehydrogenase activity from this fraction.
Soluble and particulate GDH showed several similar characteristics. Both enzymes were heat stable and had a pH optimum of 8.0 for the reductive amination of a-ketoglutarate. Both enzymes used NAD(H) and NADP(H) in the assay and staining on the acrylamide gel and they may be classified as L-glutamate: NAD(P) oxidoreductase, deaminating (EC 1.4.1.3). Soluble and particulate GDH isolated from either 0-or 6-day-old cotyledons was inhibited by high concentrations of NH4+ (Fig. 2) . The soluble enzyme was more sensitive to NH4+ inhibition than the particulate one which exhibited high activities between 50 mm and 200 mm. Soluble GDH had an optimum NH4' concentration of 50 mm while particulate GDH had an optimum of 100 mm. The Km for NH,+ as estimated from the linear portion of a Lineweaver-Burk plot, was 24 mm for soluble GDH and 30 mm for particulate GDH. Both soluble and particulate GDH were inhibited in a similar manner by high concentrations of a-ketoglutarate (Fig. 3) . The optimum concentration of a-ketoglutarate for both enzymes was 10 to 14 mm. The Km, as estimated-from the linear portion of a Lineweaver-Burk plot, was 3 mm for both enzymes.
NADH, as high as 240 ,tM, gave no inhibition of either enzyme. The Km for NADH as estimated from LineweaverBurk plots was 36 /.tM for soluble GDH and 22 ytM for particulate GDH.
The chelator, EDTA, was an effective inhibitor and even at 0.1 ,uM activity was inhibited 14% (Table II) The soluble and particulate enzymes isolated from 0-, 2-, 4-, and 6-day-old pumpkin cotyledons were separated by disc acrylamide gel electrophoresis into their various isoenzymes (Fig.  4) . Initially only one isoenzyme band was found, but the number of soluble isoenzyme bands increased as germination progressed. The isoenzyme bands a and c were in the greatest concentration, followed by band f. Isoenzyme bands b, d, e, and g were present in smaller amounts. Only one particulate isoenzyme band (c) was found during germination. When the soluble enzyme with only band a and the particulate enzyme with only band c were applied together on the same disc gel columns, distinctive bands a and c were obtained. When the soluble enzyme with bands a to g and the particulate enzyme were applied together on the same disc gel column, no new bands were found and the particulate isoenzyme coincided exactly with the soluble isoenzyme band c. When NADP was substituted for NAD in the stain to detect the isoenzymes, all seven isoenzyme bands were observed in the 6-day soluble fraction, and one band was observed in the particulate fraction. The isoenzyme bands stained slowly with NADP but were identical with the bands stained by NAD. The enzyme removed from the particulate fraction by each of the five washes (see Table I ) was similarly subjected to electrophoresis, and only one isoenzyme band was found, and this band coelectrophoresed with particulate isoenzyme band c.
Several experiments ensured that the observed isoenzymes were not artifacts of the preparation. To determine the effect of metabolites in the extract upon the isoenzyme pattern, the 6-day heat-denatured soluble extract was used as the extraction medium. No change in isoenzyme pattern occurred. When phenylmethysulfonyl fluoride, a protease inhibitor which prevents conformational changes of hexokinase caused by protease (21) , was included in the extraction medium, no change in isoenzyme pattern occurred. After the isoenzymes were electrophoresed and stained, each stained isoenzyme band was cut out and rerun separately on a new gel column. This produced only one band, and the position and NAD-NADP staining of this isoenzyme was identical with the first separation. The isoenzymes were separated with a concentration of on the purified particulate enzyme or the undialyzed or dialyzed crude extract. The soluble enzyme was inhibited by p-HMB and this inhibition was reversed by GSH (Table II) . ADP (0.1 to 1 mM), hydroxylamine (1 mM), and iodoacetate (10 mM) had no 4 and 6% acrylamide gel (12) . A plot of the relative mobility of the isoenzymes versus gel concentration produced a series of parallel lines and indicates that the isoenzymes were not size isoenzymes (12) . The calculated molecular weight (12) was tound to be about 250,000.
DISCUSSION
Both soluble and particulate GDH activity was found in pumpKin cotyledons (Fig. 1) , similar to spinach (26) and pea roots (18) . However, GDH is localized in the mitochondria of most animal tissues (10), mung bean (2), pea epicotyls (6), soybean cotyledons (15), corn leaves (3), and castor bean (5), although often considerable activity was present in the soluble fraction. This soluble activity was presumed to be solubilized mitochondrial enzyme and the activity of soluble GDH was never higher than the particulate enzyme levels. However, in pumpkins (Fig. 1) , the bulk of the GDH is in the soluble fraction.
The results indicate that GDH occurs in at least two cellular locations. The development of particulate GDH activity is correlated with the increase in particulate protein ( Fig. 1 ) and the development of mitochondria during germination (19) . This may suggest that the soluble enzyme was incorporated into this fraction as organelles developed, but the differences between the enzymes argue against this. The NH,' saturation and inhibition curves of the two enzymes were different (Fig.  3) . The soluble enzyme was activated by metal ions while the particulate enzyme was not. The isoenzyme patterns were entirely different (Fig. 4 ). It appears unlikely that all of the isoenzymes except band c were washed from the particulate fraction during preparation. In addition, the varying ratio of soluble to particulate activity ( Fig. 1) suggests that at least the bulk of the particulate enzyme was not soluble but that different cellular locations exist.
Both soluble and particulate GDH were heat stable, similar to the enzyme from Neurospora crassa (1) and pea roots (18) , but different from that in bovine liver (17) . Both enzymes had a pH optimum like the enzyme of corn leaves (3) and pea roots (18) but higher than that of pea seedlings (27) . Both enzymes used NAD(H) and NADP(H) as do some developing seedlings (2, 18, 28) , but in other seedlings GDH can use only NAD(H) (9, 28) . Both enzymes were inhibited by EDTA, similar to the enzyme in corn leaves (3) and pea roots (18) . However, chicken and frog GDH (9) were activated 5-to 10-fold by EDTA. Inhibitor studies indicated that pyridoxal phosphate was not required and that the enzyme possesses a sulfhydryl group which is essential for its activity, similar to GDH in corn leaves (3) and pea seedlings (27) . The pumpkin enzyme was not activated by NADH or ADP similar to GDH from corn leaves (9) , but contrary to the enzyme from beef liver (9) . The molecular weight of pumpkin GDH was 250,000, similar to the active monomer in Neurospora crassa (8) .
Both soluble and particulate GDH were inhibited by high concentrations of NH4, or a-ketoglutarate similar to Neurospora crassa (1), indicating their possible regulatory role. Both enzymes had a similar Km toward NH,+ and a-ketoglutarate.
Deviations from linearity of Lineweaver-Burk plots of reaction activity have been observed with GDH from various sources (c.f. 15 ). It is difficult to interpret the Km data with the soluble enzyme, as the number of isoenzymes increased from one to six over the germination period, and these isoenzymes were found in varying amounts. The data obtained with only one soluble isoenzyme were nearly identical with those obtained with the mixture of six isoenzymes, but it is recognized that small differences may be significant within the cell.
ENASE FROM PUMPKINS 553
In pumpkin, the number of isoenzyme bands increased up to 6 days, while in Vicia Jaba and pea the number of GDH isoenzymes decreased as germination progressed (25) . In corn, seven isoenzymes were tound (28) . The increase in pumpkin isoenzymes are most probably not the result of a modification of the enzyme by protease, as phenylmethysulfonyl fluoride had no noticeable effect upon the isoenzymes. These isoenzymes do not appear to have resulted from a dissociation and repolymerization of GDH subunits as occurs in Blastocladiella emersonii (16) and corn (9) . In pumpkins, the isoenzymes did not dissociate and true isoenzymes rather than size isoenzymes (12) were found. The increase in water-soluble protein parallels the increase in GDH during germination (24) , which may suggest that the isoenzymes are synthesized de novo. The increase in the number of isoenzyme bands in pumpkin cotyledons during germination may also suggest an induction of GDH by NH4+ or glutamate (13, 17) , both of which are produced in this tissue in high quantities (4, 23) . However, high amounts of NH4' or a-ketoglutarate inhibit enzyme activity (Figs. 2 and 3 ), but differences may occur between the individual isoenzymes. These properties may be important in amino acid synthesis in the cotyledon.
LITERATURE CITED
